I. INTRODUCTION
The "lead salts", PbS, PbSe, and PbTe, have in recent years been the object of considerable experimental and theoretical study, due in part to the technological importance of these materials as infrared and visible radiation detectors and in part to interest in their fundamental properties. All three salts crystallize in the rock-salt structure which consists of two interlocking fcc lattices separated by a translation of (a/2, a/2, a/2) where 'the lattice 1 . 2 constant, a, at 300°K is 5.9362 A for PbS, 6.1243 A for PbSe, and 6.4603 A 3 for PbTe.
In this work, x-ray photoemission spectroscopy (XPS) has been used to determine the valence-band density of states for each of the lead salts •
. Derived quantities are compared with several theoretical band structure calculations, which are critically examined in light of these results.
Experimental procedures are described in Sec. II . Results are given in Sec. III and compared with theory in Sec. IV.
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In order to minimize contamination of the samples by adsorption of hydrocarbons and/or oxygen, the crystals were cleaved under dry nitrogen in a glove bag -9 and placed in a Hewlett-Packard 5950A electron spectrometer at 5 x 10 Torr without exposure to the atmosphere. They were then irradiated with monochromatized A1Ka 1 2 radiation (1486.6 eV), and the ejected photoelectrons were energy-'
analyzed.
In addition to the valence-band region, spectra were taken over a binding I energy range of 0 -1000 eV in order to detect core level peaks from any impurities which might be present. Experience has shown that even small amounts I of impurities can give rise to extraneous peaks in the valence-band region. The only impurities present in detectable quantities were carbon and oxygen, and they were present in sufficiently small amounts so as to preclude any serious effects on the valence-band spectra. The area ratios of the Pb 4f 712 line to the oxygen ls line before and after the scan of each Pb salt valence band are given in Table I . FUrthermore, the symmetric shape of the Pb core levels indicate that the oxygen present was in adsorbed molecules on the surface of the sample rather than as oxide. This is further verified by the fact that the intensity of the 0 ls line decreased when the crystal was left in vacuum overnight.
Energy conservation gives the photoemission equation
where' EK is the kinetic energy of the photoelectron, <Psp is the work function of the spectrometer, and EB is the binding energy with respect to the Fermi energy.
. ' -.
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III. RESULTS
The spectra I(E) for each of the three lead salts .a.I'e shown in show in each case a strong broad peak, which we call peak 1, centered at about 2 -2.5 eV below EF' and exhibiting quite prominent structure on the low binding-energy side. This structure is evident only as a shoulder in
PbTe, but in progressing through PbSe to PbS it becomes a well-defined extra peak which we label 1'. Between the (1-1') peak and the Pb 5d lines there are two less intense peaks labeled 2 and 3 in Fig. 1 . The absolute binding energies of these peaks show no monotonic trend with the atomic number of the group VI element. Peaks 2 and 3 have the highest binding energies in PbSe.
However, the energy difference between peaks 2 and 3 increases monotonically in going from the telluride to the sulfide. The 3-2 splitting is 3.5 eV in the telluride, 4 .3 eV in the selenide and 4.4 eV in the sulfide.
We have deconvoluted and subtracted from the valence-band spectra I(E) contributions from inelastically scattered electrons and contributions from the low binding energy tail of the Pb 5d peaks. The shape of the inelastic tail was obtained from a near-lying core level and the 5d-tail was approximated by smoothly extending the low binding energy edg.e of the Pb 5d 512 peak. We label the corrected spectra I'(E). The uncertainty of these corrections are included in the quoted errors. The corrected experimental binding energies are summarized in Table II. . ) bands arising from the 6s level of Pb and the highest s-level of the group VI atom. Neither peak can be due to impurities since, as stated previously, no core level peaks were observed for any element which would contribute significant intensity to the valence-band region. Nor can peak 3 be an energy loss peak arising from the l-1 1 peak, first because the energy difference of ~ 10 eV is too small compared to the ~ 16 eV loss structure observed for the Pb 5d electrons in these salts and secondly because the intensity of peak l-1 1 relative to peak 3 is far lower than the corresponding ratio of Pb 5d peak to its energy loss. structure. The assignment of the spectra therefore appears to be completely straightforward. The 1-l' complex arises from the top three "p-like" bands and peaks 2 and 3 each arise from an "s-like"
band.
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Band-structure experiments and theory enjoy a symbiotic relationship.
This relation is valuable because neither would be very effective alone. However, the closeness of the two requires that in the interpretation of spectra one should clearly differentiate between results that are derived directly from the spectra and results that are inferred by comparing the spectra with calculated band structures. We have already identified the peaks in the lead salts spectra with energy bands, so some interpley of theory and experiment has already taken place. In fact 'these peaks are sufficiently well-resolved that they could have been assigned to the energy levels of the pure elements withou~ reference to ba.rid structure, as we shall show below. We assume throughout this discussion that the one-electron transition model described by Fadley and Shirley 10 can be used for the Pb-salts. We also assume that calculated eigenvalue spectra of band theory represent experimental one-electron binding energy spectra (Koopmans' Theorem). 11 It should be emphasized at this point that disagreement between theory and experiment may result from the . . 10 11 inapplicability of either of these assumpt~ons. ' Turning now to a more detailed interpretation of the spectra within this model, we can proceed at two distinct levels of sophistication: Level 1.. · The mean peak positions and widths can be extracted directly from the spectra and used to assess the relative accuracies of the bandstructure calculations. This is an empirical approach, and therefore less subject to error, but it yields information only about the gross features of the bands.
Level 2. After one or more band structure calculations have been judged to be in good agreement with experiment, these energy bands can be compared in more detail with the shape or at least the width of the peaks \ .
-
to estimate the energies of the bands at symmetry points in the Brillouin zone. This procedure is somewhat speculative, but it yields information of reasonable reliability about the really interesting features of the band structure.
In the discussion below we shall first discuss each of the available band-structure calculations at Level 1, then go on to Level 2. .. Augmented plane wave caluclations very similar to those above were undertaken by Rabii 9 on PbS and PbSe.
The upper r6 levelswere calculated and it appears that they would lead to maxima in the density of statesl around 7 eV in both PbSe and PbS, with the peak probably lying slightl lower in energy for PbSe. This compares with experimental values for this peak of 8"6 and 8.4 eV respectively. Thus the discrepancy is similar to that in the PbTe case.
A different approach to the problem was taken by Lin and Kleinman 4 in a pseudopotential calculation of the lead salt band structures. In this cal~ulation there were 5 variable parameters which were adjusted to give the best agreement with reflectivity data. 13 The charge of Pb and the VI atom are allowed to vary and there was also a spin-orbit parameter.
The remaining two parameters were used to adjust an extra repulsive potential term which applies only to s-like levels. The variation of these parameters ultimately produced shifts of up to 17.7 eV in PbS and 7.6 eV inPbTe. A comparison of the predictions of their band structures and experiment is given in Table III . As can be seen the overall agreement is quite good in PbS and PbSe, except that, as with the APW calculations, the predicted binding energy of Peak 2 is too low. In the PbTe calculation, however, the agreement is poor for Peak 3 as well. for PbTe and for PbSe and PbS respectively using the Empirical Pseudopotential ·Method (EPM). In these calculations spin-orbit interaction was included but other relativistic effects were not. In addition to band structures, the resulting densities-of-states curves were calculated . .
The results of these calculations, shown in Fig. 2 Proceeding now to the more sophisticated--and less certain--Level 2 of interpretation, we shall try to derive information about the positions of bands at symmetry points in the Brillouin zone, we treat one salt at a time.
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In PpS the 1-1' peak shows well-developed structure that can be identified with the structure of p(E) in this region as given by the EPM results. The well-resolved peak in p{E) at 1.5 3.4 eV above the bottom of the third band (at X6), while the EPM value is 4.0 eV. It is difficult to obtain an experimental value for this quantity from the spectra, but a value of 3.9 ± 0~2 can be estimated by assuming that the peak has a constant slope down to zero intensity, as indicated in the EPM p(E).
In summary, our spectrum shows good agreement with the two theories 
shoulder on the low energy side of Peak 1. The positions of the last four features relative to 1 1 are given, for all three samples, in Table V . Also given in Table V In PbTe, Peak 1 has a rather different structure from the same peak in PbS and PbSe. First, the shoulder attributed to Peak 1' is not evident. This is in very good agreement with the EPM p(E), which does not show the well-separated peak found in the other salts. This is a consequence of the general tendency for the top three bands to be compressed upward in PbTe relative to PbSe and PbS. Table VI We thank Professor G. Somorjai for giving us single crystal PbS, PbSe, and PbTe.
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